An integral imaging method based on microscanning of a microlens array is proposed. The effects of microscanning on the depth resolution and the product of depth of focus and lateral resolution squared (PDLRS) of an integral imaging system are quantitatively analyzed. Calculation results show that microscanning can improve not only the depth resolution, but the PDLRS can be increased. The amount of improvement of different microscanning modes to the performance of integral imaging is closely related to the fill factor of the detector and the diffraction factor of the microlens.
Integral imaging (InI) is a new method to obtain a three-dimensional (3D) image by use of a set of twodimensional (2D) elemental images with different perspectives [1] . Compared to other 3D imaging and display technologies, InI has some inherent advantages, such as full parallax, continuous viewing points, operating with incoherent light, etc. However, for its practical application, InI also has some drawbacks to be overcome, such as low lateral and depth resolution, limited depth of focus, and so on.
To improve the InI performance, an InI approach based on microscanning (MS) of the microlens array is proposed (shown in Fig. 1 ). The schematic of this system seems like an InI system with a moving array lenslet technique (MALT) [2, 3] . But its operation principle is significantly different from that of an InI system with MALT. The purpose of the MALT is to improve the viewing resolution through the synchronous vibration of both pickup and display microlens arrays by a fraction of the microlens pitch, while not changing the resolution of elemental image. The purpose of MS is to enhance the resolution of elemental image in the pickup process. That is, MS is used to capture multiple spatially undersampled time frames of a scene. Each undersampled time frame of an elemental image is subpixel shifted relative to one another. In the display process, these frames are then interlaced according to the shift sequence to produce a single high resolution frame of an elemental image that presents a particular perspective original scene effectively sampled at a higher spatial sampling rate.
Generally, several typical MS modes are used in practices [4] ; they correspond to the subpixel movement of the elemental image over the detector array on the square grids of 2 ϫ 2, 3 ϫ 3, 4 ϫ 4, and 5 ϫ 5 positions with the horizontal (h) and vertical (v) step sizes of one-half, -third, -fourth, and -fifth of the detector pitch, respectively. Inasmuch as the detector array that we used is made of equally spaced square detectors, the step size is the same in both axes.
Here, the sampling number of MS is defined, for example, 1 for the non-MS mode and 2 for the 2 ϫ 2 MS mode.
In terms of image quality, MS results in the reduction of aliasing and the improvement of the samplescene phase modulation transfer function (MTF) in the elemental image, which further improves the depth resolution, and the product of depth of focus and lateral resolution square (PDLRS) of a 3D InI system.
Next, we will consider how to quantitatively characterize the effects of different MS modes on the InI performances. To achieve this goal, we first need to know the contribution of MS to elemental image quality. Also, considering the independence of horizontal and vertical transfer properties of an InI system, here we will limit the following discussions to the one-dimensional (1D) case. From Fig. 1 , we can figure out that the elemental image quality depends on several components in the pickup part, which includes the microlens array, MS, relay optical system, and detector array. The total MTF of the capture part is used to describe the quality of an elemental image. According to [5] , for its linearity, the total MTF should be the product of the microlens array MTF and the pixel transfer function due to MS of the microlens array over the detector array, i.e., MTF total = MTF optics ͑͒PTF MS ͑͒. ͑1͒
Here, the MTF of relay optical system is ignored because of its larger aperture. It is also proven that the MTF of the microlens array is given by the MTF of an element lens [5] . Here it is assumed that the pupil of each microlens is a 2D circle and the aberration is ignored. Hence, the MTF of the microlens array is related only to the diffraction factor, and can be found in [6] . Regarding the sampling property of MS of the microlens array, it is related to not only the shape and size of the detector, but the relative position of the image spot microscanned by the microlens and the detector. Hadar and Boreman [7] introduced a pixel transfer function concept to incorporate the MS rectangular lattices and thus provide an accurate representation of the sample phase effect. Then, the specific expression of the total MTF can be obtained as
where the first term is optical diffraction MTF and the second term is the MTF related to MS. c represents the cutoff frequency of the microlens, ⌬ denotes the step size of MS, and a is the projective side length of detector active element in aerial image plane. For a quantitative analysis of the trade-off between the blur factor and MS step size in affecting the InI performance, the main parameters in Eq. (2) are expressed as a function of the projective size of the detector pitch in aerial image plane and written as
where p is the projective size of the linear detector pitch in aerial image plane, n is the sampling number To assess InI performance (such as the depth resolution and the PDLRS), Jin and Jang [8] set up the quantitative relationship of the number of detector pixels along the side of each elemental image with the depth resolution and the PDLRS. However, considering the integral impact due to the diffraction factor, MS modes, and the fill factor of the detector included in the pickup part, it is more reasonable that the number of detector pixels included in the depth resolution and PDLRS functions be modified as the number of equivalent blur spots related to the limiting resolution of the elemental image. The number of equivalent blur spots along the side of each elemental image can be calculated as
where d is the diameter of the microlens.
Here it is assumed that the elemental images captured are reconstructed without loss of information. Then, we replace the number of pixels with the number of equivalent blur spots in the calculation of the InI performances, and the depth resolution of an InI system can be modified as
where R d denotes the depth resolution and g is the distance between the microlens array and the aerial image plane. Comparable to that of InI with non-MS, the percentage improvement of the depth resolution of InI with MS is defined as
Similarly, we also get the modified PDLRS function based on [8] 
where is the wavelength of incident light. Next, we perform simulations about the depth resolution and PDLRS for different diffraction factors, sampling numbers of MS, and fill factors. It is assumed that 1 is equal to 2 , whose values are set to 0.3, 0.5, 0.7, 0.9, and 1; d = 1 mm, g = 4 mm, = 0.6 m, and p =10 m. The percentage improvement of the corresponding depth resolutions are calculated with Eq. (7) for different MS modes. Here, we consider only the 1D direction MS. The calculation results are fitted to form a graph of the percentage improvement of the depth resolution as a function of the sampling number of MS, as shown in Fig. 2 . Also, the values of the PDLRS are achieved with Eq. (8) for different sampling numbers of MS, as shown in Fig. 3 .
From Fig. 2 , we note that MS can greatly improve the depth resolution of InI. For the detector array of a 100% fill factor, the greatest improvement in the depth resolution is obtained when the sampling number is changed from non-MS to 2 ϫ 2 MS. The amount of improvement in the depth resolution falls off rapidly with further increment of the sampling number of MS. For the detector array of a 30% fill factor, the greatest improvement in image depth resolution is obtained when the sampling number is changed from non-MS to the 2 ϫ 2 MS mode and from the 2 ϫ 2 MS mode to the 3 ϫ 3 MS mode, and the amount of improvement falls off rapidly for higher-order MS modes. The level of improvement of different MS modes to the depth resolution is different and is closely related to the fill factor of detector and the diffraction factor of the microlens. With the smaller blur factor, the benefits of MS are sufficiently acquired. From Fig. 3 , it can be shown that the values of PDLRS are also greatly improved as the sampling number of MS increases. For larger fill factors, the smaller amount of improvement of PDLRS is obtained for various sampling numbers of MS. For smaller fill factors, the larger amount of improvement of PDLRS can be achieved for different MS modes.
In conclusion, we proposed an InI method based on MS. The number of equivalent blur spots of the elemental image is defined as a bridge to characterize the effects of typical MS modes on the depth resolution and PDLRS of an InI system, which are closely related to the fill factor of detector and the diffraction factor of the microlens. Calculation results show that MS can greatly improve the overall performance of InI. Although the improvement of MS mode to InI resolution is more significant for the smaller fill factors, the smaller fill factor usually requires more integration time to reduce the detector noise. Hence, there exists some sort of trade-off between resolution and sensitivity for InI with MS. This point will support that one would prefer to keep the value of n low for practical design of an InI system, which can be explained since the lower MS mode cannot only achieve the greatest improvement of InI resolution, but also reduce minimally imaging sensitivity. 
